Context: Aerobic exercise training can increase brain volume and blood flow, but the impact on brain metabolism is less known.
A erobic exercise can potently increase substrate oxidation pathways in exercising tissue (1) , but less is known about metabolic benefits on nonexercising tissue, such as the brain. Acute studies indicate that cerebral blood flow is increased to the brain during aerobic exercise (2) , and longitudinal studies show that aerobic exercise training improves brain volume and memory (3) . Such increases in blood flow and brain volume indicate the potential for aerobic exercise training to improve brain metabolism. Glucose is the primary fuel source for the brain, and therefore we hypothesized that cerebral glucose uptake would improve after aerobic exercise training.
High-intensity interval training (HIIT) involves repeating short bouts of exercise for 30 seconds to 4 minutes with workloads near or above peak aerobic capacity (VO 2peak ). Training programs that include HIIT can produce large improvements in cardiorespiratory fitness (;20% to 30% increases in VO 2peak ) and skeletal muscle mitochondria (;50% to 70% increases in respiration) (1) , and these robust gains occur within relatively shorter periods compared with moderate-intensity continuous exercise (4, 5) . Greater exercise intensity helps promote cardiorespiratory fitness (6) , which is an important consideration for brain health given that higher cardiorespiratory fitness is associated with greater brain plasticity at baseline and after aerobic training in older adults (7) . Because HIIT can robustly improve cardio-metabolic outcomes, we hypothesized that HIIT would increase brain glucose uptake in previously sedentary (SED) adults.
Materials and Methods
We performed a 12-week training study with a SED control period in younger and older adults and reported the primary results on skeletal muscle adaptations (1) . A subset of participants volunteered for analysis of brain glucose uptake using 
Study participants
Participants were either 18 to 30 years or 65 to 80 years old and were SED as defined by engaging in structured activity for less than two sessions of 30 minutes per week. Exclusion criteria included pregnancy, cardiovascular disease, diabetes, kidney disease, or untreated thyroid disease. Exclusion criteria for medication included anticoagulants, insulin, corticosteroids, sulfonylureas, barbiturates, b-blockers, insulin sensitizers, opiates, and tricyclic antidepressants. The older women were postmenopausal, and all younger women had a form of hormonal contraceptive. Body composition was measured by dual-energy X-ray absorptiometry. The homeostatic model of insulin resistance (HOMA-IR) was calculated from fasting blood glucose (FPG, mmol/mL) and insulin (FPI, mIU/ml) as HOMA-IR = (FPG 3 FPI)/22.5 as described by Matthews et al. (8) .
Aerobic capacity
VO 2peak was measured using indirect calorimetry (Medgraphics Diagnostics, MN) and an electronically braked cycle ergometer (Lode Medical Technologies, Netherlands) using 2-minute stages (young male, 50W + 30W; young female, 50W + 20W; older male, 50W + 20W; older female, 25W + 20W). A high respiratory exchange ratio of .1.0 was achieved at VO 2peak for all participants with an average 6 standard deviation at baseline of 1.23 6 0.08 for SED and 1.23 6 0.09 for HIIT and then at follow-up of 1.22 6 0.1 for SED or 1.18 6 0.08 for HIIT.
Exercise training
HIIT was performed on a cycle ergometer 3 days per week of 4 3 4 minute intervals at 90% VO 2peak with 3 minutes of rest (little to no workload) between intervals and 2 days per week of walking on a treadmill at 70% VO 2peak for 45 minutes. The cycling intervals and treadmill walking were performed on separate days. Intensity was verified by monitoring heart rate, and all exercise sessions were supervised by an exercise physiologist. The SED group performed no structured exercise for 12 weeks, and activity was monitored by accelerometers, which were exchanged at a weekly visit that included recording of body weight.
Brain metabolism
Brain glucose uptake was measured by 18 FDG-PET after an overnight fast as described (9) at baseline and after HIIT or SED. The post-HIIT PET scans were performed 96 hours after the final exercise bout to avoid potential acute effects of exercise, which has been shown to decrease brain glucose uptake within 30 minutes of exercise (10) . The FDG scan was performed 30 minutes after injection with an 8-minute acquisition. Scans were analyzed using Cortex ID (GE Health Care, Inc., Milwaukee, WI) to produce FDG surface projections and Z-score maps (11) .
Cortex ID generates standardized three-dimensional stereotactic surface projection datasets for individual subjects and performs statistical analysis as compared with healthy control subjects. For this, each individual PET scan was first realigned to the midsagittal plane. The AC-PC line (a line passing through the anterior and posterior commissures) was estimated by iterative matching between the individual image set and a standard atlas template. This standard atlas template was produced as an average of FDG images from 66 healthy volunteers. The individual image sets were realigned to the standard stereotactic coordinate system based on the estimated AC-PC line, and the images were warped to match the stereotactic atlas coordinate system proposed by Talairach and Tournoux (12) . Individual landmarks for cortical projections were searched iteratively between centers and cortical landmarks predetermined on the template brain using a profile curve analysis. Detected individual landmarks were then warped to predefined landmarks, resulting in a standardized image set with a uniform voxel size of 2.25 mm, interpolation to 60 slices, and a matrix size of 128 3 128. This enabled reliable pixel-bypixel comparisons of these anatomically standardized brain images. To determine projection map values, the program used a predetermined vector that is 6 pixels (13.5 mm) long and oriented perpendicular to the outer and medial surfaces of the right-and left-brain hemispheres for each surface pixel. The surface pixel was assigned the highest pixel value found along this vector. We normalized surface pixel values to the pons (option within Cortex ID). The normalized cortical pixel values were used to calculate a statistical map, which showed surface pixel-by-pixel z-scores derived from comparing an individual's scan with results from normal control subjects. These z-score maps and values were used for comparison of baseline and posttest scans to detect changes in brain metabolism.
Statistics
The current study is a subset of a larger study (1) and was intended as an initial investigation into changes in brain glucose uptake with HIIT in younger and older adults. Statistics were analyzed using JMP 10 (SAS Institute Inc., Cary, NC) and graphed using Prism 6 (GraphPad Software Inc., La Jolla, CA). Changes in regional brain glucose uptake were calculated as z-scores for each person with the individual's baseline value as the reference. Changes from pre to post were calculated for each outcome variable and then compared with two-way ANOVA (age 3 training) between the SED and HIIT groups. The current analysis was not powered to detect potential interactions between age and training. Statistical significance was set at P = 0.05 for main effects of ANOVA.
Results
Baseline characteristics are displayed in Table 1 and indicate that the absolute VO 2peak was not different between SED and HIIT but was lower in older adults. Baseline fasting blood glucose was slightly higher in older adults, but fasting insulin or HOMA-IR were not different between age groups. Resting glucose uptake was increased in parietal and temporal regions after HIIT compared with SED, and gains were observed in both younger and older adults [left parietal and left temporal lobes and right caudate nucleus displayed in Fig. 1(A) ]. HIIT was effective at increasing absolute VO 2peak in all participants compared with SED [ Fig. 1(B) ]. Absolute VO 2peak did not change from baseline in the SED group. There were no correlations between changes in regional brain glucose uptake with HOMA-IR or VO 2peak [example of left parietal region in Fig. 1(C) ]. Increased glucose uptake was also noted in the caudate region of the brain but was not observed across all measured regions ( Table 2) .
Discussion
We completed a 12-week aerobic training protocol that included HIIT in younger and older adults compared with SED control subjects and measured brain glucose uptake using 18 FDG-PET scans. The major finding is that aerobic training with HIIT increased resting glucose uptake in select regions of the brain, but not globally, in younger and older adults compared with the SED groups. We observed improved glucose uptake in regions such as the caudate nucleus and parietal and temporal lobes but not across all regions. These results provide evidence that HIIT can increase brain glucose uptake in a small, but well-characterized, cohort of younger and older adults. Such gains in glucose uptake are consistent with improvements to brain energy metabolism and gains in mitochondria after aerobic training.
We demonstrated an increase of brain glucose uptake in parietal and temporal regions, which are regions that decline in glucose uptake with cognitive impairment and Alzheimer's disease (13) . These regions help integrate and store visual information as well as process language and emotional associations (14) . The caudate nucleus is involved in performing executive action, memory, sleep, language, and emotions, and hypometabolism of caudate nucleus has been detected in degenerative brain diseases (15) . Improvements in glucose uptake indicate enhanced metabolic activities of these regions and may contribute to the benefits of aerobic exercise, such as increased brain volume and blood flow and a decreased risk for cognitive disorders (3). Consistently, rodent models have demonstrated that exercise can remodel the brain for improved metabolism, including increased mitochondrial content (16) and respiration (17) . The underlying mechanism on how nonexercising tissue such as brain can receive training benefits remains to be fully understood. Potential signals include peroxisome proliferator-activated receptor g coactivator-1a and downstream stimulation of irisin, a myokine secreted after endurance exercise that stimulates release of hippocampal-derived neurotropic factor (18) . In support of this finding, irisin was previously reported to be higher in plasma from young participants who completed HIIT compared with SED subjects (19). Greater aerobic fitness appears to be beneficial for protecting against loss of brain tissue, specifically within the frontal, temporal, and parietal regions (20) . A 9-year follow-up study indicated that more active lifestyles, measured by walking distance, were associated with greater gray matter volume that correlated with greater cognitive performance (21) . Our results provide evidence that cerebral adaptations can be observed over relatively short periods of HIIT in younger and older adults who are SED but otherwise healthy.
Other researchers have demonstrated beneficial effects of moderate-intensity aerobic exercise (50% to 70% maximal capacity for 30 to 50 minutes over several months) on improving brain ketone uptake in patients with Alzheimer's disease (22) and functional magnetic resonance imaging testing in healthy older adults (7). Our current results indicate that older adults have similar improvements in brain glucose uptake compared with younger adults, although our study was not designed to detect age and training interactions. Previous work has shown similar brain glucose uptake, measured by arteriovenous difference, during exercise in older adults compared with younger subjects even at increasing exercise intensities (23) , but the current study showed this increase in the specific areas of the brain. The previous study demonstrating arterio-venous differences in glucose after acute exercise that do not appear to be impaired during exercise in healthy older people, even when exercising at a lower absolute workload than young adults. Our data after 12 weeks of training indicate that younger and older people improved brain glucose uptake and presumably its metabolism after aerobic training that incorporated HIIT. An important consideration is whether gains in brain glucose uptake reach a plateau or may continue to improve with extended exercise training, such as can occur in VO 2peak during a rigorous training program (24) . Aerobic exercise training can increase cerebral blood flow in aged mice, which is consistent with angiogenesis after exercise training (25) . Furthermore, aerobic exercise stimulated neurogenesis in aged mice (26) . Such gains in angiogenesis may support improvements to cerebral metabolism with aerobic training and protect against cognitive decline with aging.
We cannot exclude the possibility of increases in cerebral metabolic activity contributing to greater production of reactive oxygen species and oxidative stress. Previous reports in younger and older mice indicate that exercise training can stimulate oxygen consumption and reactive oxygen species production in the brain (27) . Yet, exercise training can also improve the capacity to quench reactive oxygen species and contribute to lower oxidative stress. Compared with SED control rats, aging rats that performed treadmill training had greater antioxidant enzymes and lower accumulation of oxidative damage to proteins in the brain (28) . We speculate that neuroprotective effects of long-term exercise training may result from a combination of increases in metabolism alongside antioxidant defenses and/or cellular repair pathways.
Brain glucose uptake was measured in the fasted state in healthy adults and is therefore interpreted in the presence of low insulin and euglycemia. In whole-body studies in healthy adults, the dose-response curve for insulin stimulation of brain glucose uptake may be leftshifted to lower insulin concentrations. Accordingly, increasing insulin concentrations above fasting does not stimulate brain glucose uptake in healthy adults (29) . Lowering insulin concentrations using somatostatin infusion led to decreased brain glucose uptake compared with replacement insulin conditions (near fasting); this result indicates that brain glucose uptake may be saturated at low insulin concentrations in healthy middle-aged Figure 1 . (A) Individual data points for change from premeasurement to postmeasurements of brain glucose uptake by 18 FDG-PET in left parietal and temporal lobes and the right caudate nucleus after 12 weeks of SED or HIIT in young and older adults. (B) The change in DVO 2peak from baseline was greater after HIIT than after SED. (C) There was no correlation between DVO 2peak after HIIT and change in regional brain glucose uptake (left parietal region displayed). For panels (A) and (B), the horizontal bars indicate mean for SED or HIIT, and the dotted line at zero indicates no change from baseline. *P , 0.05; ***P , 0.001 for the main effect of training from two-way ANOVA (age 3 training).
adults (30) . However, the relationship between changes to peripheral insulin sensitivity and cerebral insulin sensitivity is less known. Obese adults with peripheral insulin resistance had similar fasting brain glucose uptake to lean adults, which was increased during insulin infusion (29) . Improvements to insulin sensitivity appear to increase insulin stimulation of brain glucose uptake, such as shown after bariatric surgery (31) . The insulin-sensitizing effects of exercise appear predominantly during insulinstimulated conditions, but brain glucose uptake was measured in the fasted state in our current study. We previously reported that HIIT increased peripheral insulin sensitivity, but not endogenous glucose output, during higher insulin concentrations (1). Our current results indicate no correlation between changes in brain glucose uptake and HOMA-IR in healthy adults after HIIT.
HIIT is a potent stimulus for cardiorespiratory adaptations. We incorporated HIIT with moderate-intensity treadmill walking for 2 days per week. The increase in brain glucose metabolism in the current study is likely a chronic training effect given that the PET scans were performed at 96 hours after exercise. Brain glucose uptake has been reported to decrease during and immediately after aerobic exercise, and the declines are greater at higher intensity (10) . The reason for this phenomenon remains to be fully understood but may be related to a decline in plasma glucose. We cannot exclude the possibility that lower-intensity aerobic training, or other forms of training such as resistance, could alter brain metabolism. For example, lower-intensity aerobic training for 1 year has been shown to stimulate brain hypertrophy and cognitive benefits in older adults (3) . Also, patients with mild Alzheimer's disease have shown improvements to brain ketone uptake after 3 months of moderate-intensity treadmill walking (22) . We did not assess cognitive function, and the potential effects of cognitive decline associated with aging are less known.
In summary, aerobic training that included HIIT improved glucose uptake in parietal-temporal and caudate regions in younger and older adults. Our current results provide indication that healthy adults can improve brain metabolism in a relatively short time period of 12 weeks. These improvements occurred alongside robust gains in cardiorespiratory fitness and indicate that aerobic exercise can stimulate metabolic adaptations in the brain.
